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school, students should recognize that different patterns may be observed at each
of the scales at which a system is studied. Thus classifications used at one scale
may fail or need revision when information from smaller or larger scales is intro-
duced (e.g., classifications based on DNA comparisons versus those based on vis-
ible characteristics).

Cause and Effect: Mechanism and Prediction

Many of the most compelling and productive questions in science are about why
or how something happens. Any tentative answer, or “hypothesis,” that A causes
B requires a model for the chain of interactions that connect A and B. For exam-
ple, the notion that diseases can be transmitted by a person’s touch was initially
treated with skepticism by the medical profession for lack of a plausible mecha-
nism. Today infectious diseases are well understood as being transmitted by the
passing of microscopic organisms (bacteria or viruses) between an infected person
and another. A major activity of science is to uncover such causal connections,
often with the hope that understanding the mechanisms will enable predictions
and, in the case of infectious diseases, the design of preventive measures, treat-
ments, and cures.

Repeating patterns in nature, or events that occur together with regular-
ity, are clues that scientists can use to start exploring causal, or cause-and-effect,
relationships, which pervade all the disciplines of science and at all scales. For
example, researchers investigate cause-and-effect mechanisms in the motion of
a single object, specific chemical reactions, population changes in an ecosys-
tem or a society, and the development of holes in the polar ozone layers. Any
application of science, or any engineered solution to a problem, is dependent on
understanding the cause-and-effect relationships between events; the quality of
the application or solution often can be improved as knowledge of the relevant
relationships is improved.

Identifying cause and effect may seem straightforward in simple cases, such
as a bat hitting a ball, but in complex systems causation can be difficult to tease
out. It may be conditional, so that A can cause B only if some other factors are
in place or within a certain numerical range. For example, seeds germinate and
produce plants but only when the soil is sufficiently moist and warm. Frequently,
causation can be described only in a probabilistic fashion—that is, there is some
likelihood that one event will lead to another, but a specific outcome cannot be
guaranteed. For example, one can predict the fraction of a collection of identical
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atoms that will undergo radioactive decay in a certain period but not the exact
time at which a given atom decays.

One assumption of all science and engineering is that there is a limited and
universal set of fundamental physical interactions that underlie all known forces
and hence are a root part of any causal chain, whether in natural or designed sys-
tems. Such “universality” means that the physical laws underlying all processes are
the same everywhere and at all times; they depend on gravity, electromagnetism,
or weak and strong nuclear interactions. Underlying all biological processes—the
inner workings of a cell or even of a brain—are particular physical and chemical
processes. At the larger scale of biological systems, the universality of life mani-
fests itself in a common genetic code.

Causation invoked to explain larger scale systems must be consistent with
the implications of what is known about smaller scale processes within the system,
even though new features may emerge at large scales that cannot be predicted
from knowledge of smaller scales. For example, although knowledge of atoms is
not sufficient to predict the genetic code, the replication of genes must be under-
stood as a molecular-level process. Indeed, the ability to model causal processes
in complex multipart systems arises from this fact; modern computational codes
incorporate relevant smaller scale relationships into the model of the larger sys-
tem, integrating multiple factors in a way that goes well beyond the capacity of
the human brain.

In engineering, the goal is to design a system to cause a desired effect, so
cause-and-effect relationships are as much a part of engineering as of science.
Indeed, the process of design is a good place to help students begin to think in
terms of cause and effect, because they must understand the underlying causal
relationships in order to devise and explain a design that can achieve a speci-
fied objective.

One goal of instruction about cause and effect is to encourage students to
see events in the world as having understandable causes, even when these causes
are beyond human control. The ability to distinguish between scientific causal
claims and nonscientific causal claims is also an important goal.

Progression
In the earliest grades, as students begin to look for and analyze patterns—whether
in their observations of the world or in the relationships between different quanti-
ties in data (e.g., the sizes of plants over time)—they can also begin to consider
what might be causing these patterns and relationships and design tests that gather
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more evidence to support or refute their ideas. By the upper elementary grades,
students should have developed the habit of routinely asking about cause-and-
effect relationships in the systems they are studying, particularly when something
occurs that is, for them, unexpected. The questions “How did that happen?” or
“Why did that happen?” should move toward “What mechanisms caused that to
happen?” and “What conditions were critical for that to happen?”

In middle and high school, argumentation starting from students’ own
explanations of cause and effect can help them appreciate standard scientific
theories that explain the causal mechanisms in the systems under study. Strategies
for this type of instruction include asking students to argue from evidence when
attributing an observed phenomenon to a specific cause. For example, students
exploring why the population of a given species is shrinking will look for evidence
in the ecosystem of factors that lead to food shortages, overpredation, or other
factors in the habitat related to survival; they will provide an argument for how
these and other observed changes affect the species of interest.

Scale, Proportion, and Quantity

In thinking scientifically about systems and processes, it is essential to recognize
that they vary in size (e.g., cells, whales, galaxies), in time span (e.g., nanoseconds,
hours, millennia), in the amount of energy flowing through them (e.g., lightbulbs,
power grids, the sun), and in the relationships between the scales of these differ-
ent quantities. The understanding of relative magnitude is only a starting point.
As noted in Benchmarks for Science Literacy, “The large idea is that the way in
which things work may change with scale. Different aspects of nature change at
different rates with changes in scale, and so the relationships among them change,
too” [4]. Appropriate understanding of scale relationships is critical as well to
engineering—no structure could be conceived, much less constructed, without the
engineer’s precise sense of scale.

From a human perspective, one can separate three major scales at which
to study science: (1) macroscopic scales that are directly observable—that is,
what one can see, touch, feel, or manipulate; (2) scales that are too small or fast
to observe directly; and (3) those that are too large or too slow. Objects at the
atomic scale, for example, may be described with simple models, but the size of
atoms and the number of atoms in a system involve magnitudes that are difficult
to imagine. At the other extreme, science deals in scales that are equally dif-
ficult to imagine because they are so large—continents that move, for example,
and galaxies in which the nearest star is 4 years away traveling at the speed of
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